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B a c k g r o u n d  
T h i s  r e p o r t  s u m m a r i z e s  t h e  r e s u l t s  o f  a  s t u d y  u n d e r t a k e n  
o n  t h e  f i r s t  p h a s e  o f  a n  e m p i r i c a l  e f f o r t  i n  t h e  d e v e l o p m e n t  
o f  s m a l l  p l a n t  g r o w t h  c h a m b e r s  f o r  p r o d u c t i o n  o f  s a l a d  t y p e  
v e g e t a b l e s  o n  S p a c e  S h u t t l e  o r  S p a c e  S t a t i o n .  The o v e r a l l  
e f f o r t  i s  v i s u a l i z e d  a s  p r o v i d i n g  t h e  u n d e r p i n n i n g  o f  p r a c t i -  
c a l  e x p e r i e n c e  i n  h a n d l i n g  o f  p l a n t  s y s t e m s  i n  s p a c e  w h i c h  
w i l l  p r o v i d e  m a j o r  s u p p o r t  f o r  f u t u r e  e f f o r t s  i n  p l a n n i n g ,  
d e s i g n ,  and  c o n s t r u c t i o n  o f  p l a n t - b a s e d  ( p h y t o m e c h a n i c a l )  
s y s t e m s  f o r  s u p p o r t  o f  human h a b i t a t i o n  i n  s p a c e .  The assump-  
t i o n s  u n d e r l y i n g  t h e  e f f o r t  h o l d  t h a t  l a r g e  s c a l e  p h y t o m e c h a n -  
i c a l  h a b i t a b i l i t y  s u p p o r t  s y s t e m s  f o r  f u t u r e  s p a c e  s t a t i o n s  
mus t  e v o l v e  f r o m  t h e  s i m p l e  t o  t h e  c o m p l e x .  The h i g h l y  com- 
p l e x  f i n a l  s y s t e m s  w i l l  b e  d e v e l o p e d  f r o m  t h e  a c c u m u l a t e d  
e x p e r i e n c e  a n d  d a t a  g a t h e r e d  f r o m  r e p e t i t i v e  t e s t s  and  t r i a l s  
o f  f r a g m e n t s  o r  s u b s y s t e m s  o f  t h e  w h o l e  i n  a n  o p e r a t i o n a l  
mode. T h e s e  d e v e l o p i n g  s y s t e m  c o m p o n e n t s  w i l l ,  r l e a n w h i l e ,  
s e r v e  a  u s e f u l  o p e r a t i o n a l  f u n c t i o n  i n  p r o v i d i n g  p s y c h o l o g i c a l  
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Figure 1. Time course for development of space-borne habitability support systems. 
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TIHE SCALE 1984 1986 1988 1990 1992 1994 1996 ------------ -b 
i - - 
s u p p o r t  a n d  d i v e r s i o n  f o r  t h e  c r e w s ,  a n d / o r  some m o d e s t  c o n -  
t r i b u t i o n  t o  t h e  f o o d  s u p p l y .  
R a t i o n a l e  
An e m p i r i c a l  a p p r o a c h  a p p e a r s  e n t i r e l y  j u s t i f i e d  b a s e d  
upon  o u r  q u i t e  l i m i t e d  k n o w l e d g e  o f  t h e  s p a c e  f l i g h t  e n v i r o n -  
ment  a n d  t h e  r e s p o n s e s  o f  p l a n t s  i n  t h a t  e n v i r o n m e n t .  I t  i s  
u s e f u l  t o  r e m e m b e r  t h a t  t h e  b a s i s  o f  w h a t  w e  c o n s i d e r  t o  b e  
modern  t e r r e s t r i a l  a g r i c u l t u r e  a n d  h o r t i c u l t u r e  was l a i d  o v e r  
t h e  c e n t u r i e s  i n  e m p i r i c i s m  a n d  a r t .  Modern  s c i e n c e  a n d  
e n g i n e e r i n g  h a v e  p r o d u c e d  some r e m a r k a b l e  a d v a n c e s ,  b u t  n o n e  
o f  t h e s e  w o u l d  h a v e  b e e n  p o s s i b l e  w i t h o u t  t h e  a b i l i t y  t o  b u i l d  
upon  t h e  a n c i e n t  f o u n d a t i o n .  T h a t  same f o u n d a t i o n  o f  e x p e r i -  
e n c e  i s  n o t  y e t  a v a i l a b l e  t o  t h o s e  who w i s h  t o  c u l t u r e  p l a n t s  
i n  s p a c e .  We, t h e r e f o r e ,  w i l l  o n l y  b e  a b l e  t o  make a p p r e c i -  
a b l e  p r o g r e s s  i f  we h a v e  some r e a s o n a b l e  body o f  e m p i r i c a l l y  
d e r i v e d  d a t a  upon w h i c h  t o  b u i l d .  
A g e n e r a l  s c e n a r i o  f o r  t h e  l o n g - t e r m  d e v e l o p m e n t  o f  p l a n t  
c u l t u r e  s y s t e m s  f o r  s p a c e  i s  p r e s e n t e d  i n  F i g u r e  1. T h e r e  i s  
n o t h i n g  a b o u t  t h e  t a r g e t  s y s t e m  o r  t h e  p a t h w a y  t o  i t s  d e v e l o p -  
ment  t h a t  s p e c i f i e s  p r e c i s e  c o n f i g u r a t i o n s  o r  t e c h n o l o g i e s  
e m p l o y e d .  We a r e ,  i n  e f f e c t ,  d e f e r r i n g  s p e c i f i c  q u e s t i o n s  
r e l a t e d  t o  t h e  s e l e c t i o n  o f  f i n a l  s y s t e m  c o n c e p t s  a n d  
a p p r o a c h e s  u n t i l  we h a v e  g a i n e d  s u f f i c i e n t  d a t a  a n d  o p e r a -  
t i o n a l  e x p e r i e n c e  i n  t h e  h a n d l i n g  o f  p l a n t s  i n  s p a c e  t o  s u p -  
p o r t  r a t i o n a l  d e c i s i o n s .  The p r e s e n t  r e p o r t  s u m m a r i z e s  t h e  
r e s u l t s  o f  e f f o r t s  i n  d e f i n i t i o n  o f  p l a n t  g r o w t h  s y s t e m s  w h i c h  
w i l l  p r o v i d e  t h e  n e e d e d  o p e r a t i o n a l  e x p e r i e n c e  a n d  d a t a  on  
h a n d l i n g  p l a n t  s y s t e m s  i n  s p a c e  a s  w e l l  a s  some p r a c t i c a l  
s u p p o r t  o f  t h e  f l i g h t  f o o d  s y s t e m .  
The f o c u s  o f  t h i s  e f f o r t  h a s  b e e n  upon ,  a s  i n d i c a t e d  i n  
t h e  I n t r o d u c t i o n ,  t h e  e x a m i n a t i o n  o f  t h e  p r a c t i c a l  p r o b l e m s  
o f  i n - f l i g h t  p l a n t  g r o w t h  s y s t e m s  a t  t h e  s i m p l e s t  u s e f u l  
l e v e l .  I t  b e g a n  w i t h  a  g i v e n  s e t  o f  c o n s t r a i n t s  a n d  r e q u i r e -  
m e n t s  a n d  e x p l ' o r e d  t h e  p o s s i b i l A i e s  w i t h i n  t h e  e n v e l o p e  o f  
t h e s e  r e q u i r e m e n t s .  A r e l a t i v e l y  l a r g e  number  o f  d e a d - e n d s  
were  e n c o u n t e r e d  a n d  w h i l e  t h e s e  a r e  u s e f u l  t o  k n o w ,  a  d e -  
t a i l e d  a c c o u n t  w i l l  l a r g e l y  d e t r a c t  f r o m  a  d i s c u s s i o n  o f  t h e  
c o n c e p t  d e v e l o p m e n t .  The d i s c u s s i o n s  and d i a g r a m s  w h i c h  f o l -  
l o w  o u t l i n e  t h e  m a j o r  s t e p s  i n  t h e  p r o c e s s  o f  d e v e l o p i n g  
a p p r o a c h e s  t o  s m a l l  p l a n t  g r o w t h  s y s t e m s  f o r  S h u t t l e .  
D e s i g n  C r i t e r i a  
The f o l l o w i n g  c o n s t r a i n t s  w e r e  p l a c e d  o n  t h e  p l a n t  g r o w t h  
s y s t e m :  
A.  F u n c t i o n a l  R e q u i r e m e n t s  
1. t o  p r o v i d e  u s e f u l  c o n t r i b u t i o n s  t o  t h e  f o o d  
s y s t e m  - p r i m e  r e q u i r e m e n t ;  
2 .  t o  t e s t  e m p i r i c a l l y  t h e  " b e s t  g u e s s "  o f  wha t  a  
g r o w t h  s y s t e m  s h o u l d  b e ;  
3. t o  p r o v i d e  a  t e s t  b e d  f o r  a c q u i s i t i o n  o f  
e x p e r i e n c e  and  d a t a .  
B .  H a r d w a r e  C o n f i g u r a t i o n  
1. mus t  f i t  i n t o  a  s t a n d a r d  s l o t  i n  t h e  o r b i t e r ;  t h e  
b u l k h e a d  s t o r a g e  l o c k e r  s y s t e m ;  
2 .  must  h a v e  s i m p l e ,  low c o s t  c o n s t r u c t i o n ;  
3. must  u s e  t h e  l e a s t  c o m p l e x  g r o w t h  s y s t e m s  c o n s i s -  
t e n t  w i t h  a d e q u a t e  f u n c t i o n ;  a n d  
4 .  must  b e  c o n f i g u r e d  t o  grow s a l a d - t y p e  v e g e t a b l e  
p l a n t s .  
A f t e r  a n  e x a m i n a t i o n  o f  t h e  v a r i o u s  p o s s i b i l i t i e s  w i t h i n  
t h e  c o n s t r a i n t  e n v e l o p e ,  t h r e e  g e n e r a l  a p p r o a c h e s  w e r e  a d o p t e d  
a n d  p u r s u e d .  The f i r s t ,  a n d  s i m p l e s t ,  was  i n  t h e  u s e  o f  s e e d  
s p r o u t s  a s  a l o w  c o s t ,  l o w  t e c h n o l o g y  means  o f  p r o d u c i n g  f r e s h  
s a l a d  v e g e t a b l e  m a t e r i a l .  The s e c o n d  was ,  more  c o n v e n t i o n a l -  
l y ,  t h e  u s e  of  s t a n d a r d  g r e e n  v e g e t a b l e  p l a n t s  i n  a  s m a l l ,  
l i g h t e d  g r o w t h  chamber .  The t h i r d  was a  t e s t  bed  c o n f i g u r a -  
t i o n  f o r  a c q u i s i t i o n  o f  b a s i c  d a t a  on p l a n t  r e s p o n s e  i n  z e r o -  
G. 
S p r o u t i n g  S y s t e m s  
S e e d  s p r o u t s  o f f e r  a  n u m b e r  o f  a d v a n t a g e s  b o t h  a s  a  q u i c k  
a n d  e a s y  way o f  p r o v i d i n g  f r e s h  v e g e t a b l e  m a t e r i a l  i n  s h o r t  
S h u t t l e  f l i g h t s  a n d  a s  a  more  r o u t i n e  f o o d  f o r  much l o n g e r  
d u r a t i o n  s p a c e  f l i g h t s  ( T a b l e  1) .  S e e d s  o f  v a r i o u s  v e g e t a b l e s  
a n d  f i e l d  and  f o r a g e  c r o p s  c a n  b e  s t o r e d  d r y  f o r  c o n s i d e r a b l e  
p e r i o d s  o f  t i m e .  When f r e s h  s p r o u t s  a r e  r e q u i r e d ,  w a t e r  i s  
t h e  o n l y  i n p u t  n e e d e d  t o  b r i n g  a b o u t  a  f i v e  t o  s e v e n - f o l d  
i n c r e a s e  i n  f r e s h  w e i g h t .  The mos t  i m p o r t a n t  c h a r a c t e r i s t i c  
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Table 1. Comparative characteristics of seed sprouts and mature salad vegetable plants as candidates for testing and use 
in small, in-flight fresh food systems. 
CHARACTERISTIC SPROUTS MATURE PLANTS 
Time to Maturity 4 - 6 days Up to 90 days 
Complexity of Apparatus Simple and compact: Necessity only for More complex and larger: Provision for 
water and aeration; orientation not soil and nutrients, light and tempera- 
problematic. ture control, orientation of plant parts. 
Variety of Food Items Limited: A single type of item with Variety large: Limited only by ability 
limitations in taste texture and range to contain and grow the plant. 
of uses. 
Popularity/Aesthetic Appeal Limited because of food habits of general Wide popularity; high aesthetic appeal 
population. Not aesthetically appealing. both during growth and at consumption. 
- 
Nutritional Value Limited on amount which can be consumed Adequate. 
raw without complications. 
Processing/Use Very simple. No waste, no mess. Not complex, but with significant 
waste disposal problems. 
Experimental Value Useful for development of fluid/air Useful for development of soil, nutrient 
handling and control technology. and microbiological technology. Useful 
for light and energy technology develop- 
ment and for study of air/gas handling. 
i s  t h e  m a r k e d  i n c r e a s e  i n  f o o d  v a l u e  a s s o c i a t e d  w i t h  s p r o u t i n g  
( T a b l e  2).  V i t a m i n  c o n t e n t  i n c r e a s e s  d r a m a t i c a l l y ,  f a t  a n d  
c a r b o h y d r a t e  c o n t e n t  a r e  r e d u c e d  w h i l e  r e l a t i v e l y  l i t t l e  p r o -  
t e i n  i s  l o s t ,  f i b e r  c o n t e n t  i n c r e a s e s ,  a n d  many o f  t h e  i n h i b i -  
t o r s  a n d  t o x i c a n t s  a s s o c i a t e d  w i t h  s e e d s  a p p e a r  t o  b e  l o s t  o r  
r e d u c e d  s i g n i f i c a n t l y .  
Table 2. Nutritional value of dry seeds and their sprouts. I 
A p p a r a t u s  n e c e s s a r y  f o r  s e e d  s p r o u t i n g  i s  m i n i m a l .  
L i g h t ,  s o i l ,  a n d  t h e  c o n t a i n e r s  n e c e s s a r y  f o r  w h o l e  p l a n t  
c u l t i v a t i o n  a r e  n o t  n e c e s s a r y ;  w a t e r  a n d  a  w e l l  d r a i n e d ,  
a e r a t e d  c o n t a i n e r  a r e  t h e  m a j o r  r e q u i r e m e n t s .  The s p a c e  e n v i -  
r o n m e n t  w i t h  t h e  a l t e r e d  c o n d i t i o n s  o f  f l u i d  movement  p l a c e s  
some c o n s t r a i n t s  upon  t h e  p r o c e s s ,  b u t  o n c e  r e c o g n i z e d ,  e l i m i -  
n a t i o n  o f  t h e s e  c o n s t r a i n t s  i s  m e r e l y  a n  e n g i n e e r i n g  p r o b l e m .  
DPT Slgm s m m  
Hinerals 
P K ca Pe 
3750 1701 93.4 
337 790 79 6.8 
340 1028 118 7.7 
I 
I 
Plant I Nutritional Value 
1 
I C.I RO rib Pat 
I 
I 
Amaranth I 16.7 6.2 7.5 
I 
Lentil 1 340 24.7 3.9 1.1 
I 
Hung ' 310 24.2 4.6 1.3 
I 
Hinerala 
P K C. ~c 
456 2796 1818 26.1 
240 670 39 7.6 
648 1561 133 9.1 
602 - 288 6.0 
Nutritional Value 
~ a l  RO ~ i b  pet 
246 24.0 
306 23.8 1 .O 
245 26.6 6.9 1.4 
276 37.2 6.8 8.b 
Vitamins 
A 81 BZ c 
.21 .09 2.25 
60 .37 .22 t 
80 .38 .21 - 
Vitamins 
A BI 82 c 
6918 .56 1.08 546 
.SO .20 t 
110 .91 .91 133 
480 1.6 1.20 78 Soybean I 403 34.1 6.9 17.1 
I 
I 
80 1.1 .31 - I 554 1677 226 8.4 
A number  o f  p o t e n t i a l  i s s u e s  w e r e  a d d r e s s e d  a n d  r e s o l v e d  
d u r i n g  t h e  d e v e l o p m e n t  e f f o r t .  T h e s e  w i l l  o n l y  b e  l i s t e d  
h e r e :  
, 
1. m i c r o b i a l  c o n t a m i n a t i o n ;  
2. t o x i c a n t  c o n t e n t  o f  s e e d s  a n d  s p r o u t s ;  
3.  s e l e c t i o n  o f  s p e c i e s  f o r  u s e  i n  f l i g h t  c o n d i t i o n s ;  
4 .  s o u r c e s  o f  w a t e r  a n d  w a t e r  a d d i t i o n  s c h e d u l e s  
p a r t i c u l a ' r l y  a s  t h e y  r e l a t e d  t o  f l i g h t  c o n d i t i o n s ;  
a n d  
5.  s t o r a g e . a n d / o r  p r e - g e r m i n a t i o n  o f  s e e d s .  
None o f  t h e s e  were s e e n  a s  h a v i n g  a n  a p p r e c i a b l e  i m p a c t  upon  
t h e  u s e  o f  s e e d  s p r o u t s  i n  S h u t t l e  o r  e x t e n d e d  m i s s i o n s .  
The s y s t e m s  d e p i c t e d  i n  F i g u r e  2 r e p r e s e n t  t h e  e n d  p o i n t  
o f  a n  e x e r c i s e  w h i c h  c o n s i d e r e d  s e v e r a l  d i f f e r e n t  a p p r o a c h e s  
t o  t h e  p r o b l e m  o f  r o u t i n e l y  p r o d u c i n g  s a l a d  s p r o u t s  on  S h u t -  
t l e .  I t  u t i l i z e s  t h e  s t o r a g e  l o c k e r  and t h e  c o n f i g u r a t i o n  o f  
t h e  s t a n d a r d  h a l f - l o c k e r  t r a y  (NASA. 1 9 8 4 )  a s  a  s t r u c t u r a l  
e n v e l o p e .  A number  o f  i s s u e s  r e l a t e d  t o  o p e r a t i o n  r e m a i n  t o  
b e  w o r k e d  o u t ;  many w i l l  d e p e n d  upon  f l i g h t  t e s t i n g  f o r  re- 
s o l u t i o n .  
The g e n e r a l  f e a t u r e s  o f  t h e  s y s t e m s  a r e  a s  f o l l o w s :  
1. The s e e d  s p r o u t  c o n t a i n e r  i s  t h e  s t a n d a r d  s i x  o u n c e  
S h u t t l e  f o o d  s y s t e m  pack .  S e e d s  a r e  p a c k a g e d  a n d  
s t o r e d  d r y  u n d e r  v a c u u m  i n  t h e  s a m e  m a n n e r  a s  t h e  
d e h y d r a t e d  f o o d s .  
2 .  The d r y  p a c k s  a r e  i n s t a l l e d  i n  t h e  u n i t  a s  n e e d e d .  
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The f i r s t  s y s t e m . u s e s  a  t o o l  w h i c h  p e r f o r a t e s  t h e  
b o t t o m  o f  t h e  f o o d  p a c k ,  a n d  t h e  f l e x i b l e  c o v e r  i s  
e i t h e r  p e r f o r a t e d  o r  r emoved .  The s e c o n d  s y s t e m  
c o n n e c t s  t o  t h e  s t a n d a r d  " d r i n k i n g  s t r a w "  o f  t h e  f o o d  
p a c k .  
3. W a t e r  i s  a d d e d  t o  t h e  d r y  s e e d s  t o  i n i t i a t e  
I ,  . 
g e r m i n a t  i o n  a n d  i s  a d d e d  p e r i o d i c , a l , l y ,  a s  r e q u i r e d ,  
t o  m a i n t a i n  s p r o u t i n g .  W a t e r i n g ' c o u l d  b e  
a c c o m p l i s h e d  by h a n d ,  b u t  a  s y s t e m  f o r  s e n s i n g  
m o i s t u r e  c o n t e n t  a n d  a d d i n g  w a t e r  a s  n e e d e d  c o u l d  b e  
u t i l i z e d .  
- '  I / _  
4. I n  o p e r a t i o n  a t  micro-G,  t h e  s y s t e m  u s e s  e i t h e r  a  f a n  
t o  p u l l  a  l o w  f l o w  o f  a i r  down t h r g u g h  t h e  s e e d s  i n t o  
t h e  s p a c e  b e l o w  o r  a  m i c r o p r o c e s s o r  c o n t r o l l e d  w a t e r  
a n d  a i r  m e t e r i n g  s y s t e m  c o n n e c t e d ,  t o  t h e  s t a n d a r d  
" d r i n k i n g  s t r a w " .  I n  t h e  f i r s t  s y s t e m ,  t h e  s m a l l  a i r  
f  1 , o w  s e r v e s  t o  a e r a t e  t h e  s e e d s  a n d -  i n  m i c r o - G ,  
t h e o r e t i c a l l y ,  s h o u l d  b e  a d e q u a t e  t o  p r e v e n t :  t h e  
s e e d s  o r  s p r o u t s  f r o m  f l o a t i n g  o u t  i n t o ,  t h e  c a b i n  
e n v i r o n m e n t .  I n  t h e  s e c o n d  s y s t e m ,  no o p e n i n g  t o  t h e  
c a b i n  i s  p e r m i t t e d .  
The c o n f i g u r a t i o n s  shown i n  F i g u r e  2 h a v e  b e e n  b u i l t  a n d  
o p e r a t e d  on  t h e  g r o u n d  a s  a  n o n f l i g h t - q u a l i f i e d  i t e m s .  I s s u e s  
s u c h  a s  w a t e r i n g  p r a c t i c e ,  a i r  f l o w ,  a n d  g e n e r a l  w o r k a b i l i t y  
o f  t h e  a p p a r a t u s  i n  micro-G w i l l  o n l y  b e  r e s o l v e d  by f l i g h t  
e x p e r i e n c e .  
Figure 2. Configuration o f  S h u t t l e  Middeck locker-based seed 
sprout ing  systems.  Units  are  s i z e d  t o  a  h a l f - l o c k e r  tray .  
Whole  P l a n t  C h a m b e r s  
T h e  m o r e  c o n v e n t i o n a l  a p p r o a c h  t o  g r o w t h  h a s  t a k e n ,  a s  a  
s t a r t i n g  p o i n t ,  t h e  e n v e l o p e  o f  o n e  m i d d e c k  f o r w a r d  b u l k h e a d  
l o c k e r ,  t h e  e x t e r i o r  m i d d e c k  d i m e n s i o n s  o f  w h i c h  a r e  21.062 
i n .  x 1 0 . 7 5 7  i n .  x 1 8 . 1 2 5  i n .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  
l o c k e r  i s  i n c l u d e d  i n  t h e  O r b i t e r  M i d d e c k  P a y l o a d  P r o v i s i o n s  
H a n d b o o k  ( H i x ,  1 9 8 4 ) .  B e c a u s e  o f  t h e  p r a c t i c a l  a p p r o a c h  
t a k e n  i n  t h i s  e f f o r t ,  many o f  t h e  o r i e n t a t i o n  a n d  s p a c e  c o n -  
s t r a i n t s  o f  a n  e a r l i e r  e f f o r t  ( M a i n e  e t  a l . ,  1 9 7 9 ;  C o w l e s  e t  
-- -
a l . ,  1 9 8 2 ,  1 9 8 4 )  d o  n o t  a p p l y  a n d  t h u s  m o r e  o p t i m a l  u s e  c o u l d  
-
b e  made o f  t h e  a v a i l a b l e  s p a c e .  
The general effort had two thrusts: 
1. A study of optimized configuration for the envisioned 
use; and 
2 .  Consideration of the general array of technology to 
be taken into account in development of a growth 
system. 
Figure 3 schematically summarizes the various issues as 
outlined below: 
1. Optimal configuration of the container. 
a. Geometry - which may be very dependent upon tests 
in a zero-G environment. 
b. Volume of contained area - related to plant size 
and species. 
2 .  Composition ,of the growth/support medium. 
a. Synthetic, versus natural materials, versus a 
modified hydroponic/aeroponic system. 
b. Porosity and affinity for water. 
c. Fertilizer delivery system -slow release, versus 
ion exchange, versus hydroponic solution. 
3 .  Operating parameters. 
a. Air and liquid movement rates. 
b. Temperat-ure regulation of the root zone. 
c. The role of microorganisms - important because of 
disease, human and plant, but also because 
microbes could function in atmosphere scrubbing. 
4 0  Mechanical systems. 
a. Air and water handling, zero-G separation of the 
two being the main problem. 
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b .  W a t e r  c l e a n u p  a n d  c o n d i t i o n i n g .  
i .  N u t r i e n t  a d j u s t m e n t .  
. R e m o v a l  o f  r o o t  a n d  m i c r o b i a l  m e t a b o l i t e s .  
5 .  T h e  a d a p t a b i l i t y  o f  v a r i o u s  p l a n t  s p e c i e s  t o  t h e  
s y s t e m .  
-. .. 
- wn rr son ?unxx 
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Figure 3. Concepts for control of watering and aeration in a 
:zero-gravity environment. 
1 o f  t h e  p o i n t s  l i s t e d  a r e  s u b j e c t s  0 ' f " c o n t i n u i n g  e f f o r t s .  
T h i s  r e p o r t  a n d  ' t h e  g r o w t h  c h a m b e r  c o n c e p t s  i t  p r e s e n t s  a r e  
- ' m e r e l y  s i n g l e  f r o z e n  momen t s  i n  a n  e v o l v i n g  f i e l d .  Much o f  
w h a t  we a d d  w i l i  d e p e n d  o n  f l i g h t  . t e s t  d a t a  a n d  e x p e r i e n c e .  
G r o w t h  C h a m b e r  C o n c e p t s  
T h e  g r o w t h  c h a m b e r s ,  s h o w n  i n  F i g u r e  4 ,  e m b o d i e s  m o s t  o f  
t h e  i s s u e s  l i s t e d  a b o v e .  F i g u r e  4-b d e p i c t s  a  c o n f i g u r a t i o n  
a p p r o p r i a t e  f o r  d w a r f  v a r i e t i e s  o f  s m a l l ,  b u s h - t y p e  p l a n t s  
A. 
s u c h  a s  t o m a t o e s  o r  p e p p e r s .  F i g u r e  4-a d e p i c t s  t h e  c o n -  
f i g u r a t i o n  more  a p p r o p r i a t e  f o r  a  l o w  p r o f i l e  l e a f  o r  r o o t  
v e g e t a b l e s  s u c h  a s  l e t t u c e ,  o n i o n s ,  o r  r a d i s h e s .  I n  a l l  t e s t s  
i t  h a s  b e e n  u s e d  t o  .grow " f e l d s a l a t "  s t y l e  l e t t u c e .  A l l  
e x t e r i o r  d imens ions - .o f  t h e  c h a m b e r s  shown a r e  t , h e  d i m e n s i o n s  
o f  t h e  S h u t t l e  l o c k e r .  M a t e r i a l s  a r e  y e t  t o  b e  d e t e r m i n e d  by 
f l i g h t  c o n f i g u r a t i o n .  I n  t h e  m o d e l s  d e p i c t e d ,  a l l  m a t e r i a l s  
a r e  o f f - t h e - s h e l f  f o a m c o r e ,  o r  l e x a n  f o r  t h e  s h e l l s  
w i t h  s t a n d a r d  f l u o r e s c e n t  l i g h t  a n d  e l e c t r o n i c  c o m p o n e n t s .  
U n i t s  c u r r e n t l y  u n d e r  c o n s t r u c t i o n  u t i l i z e  l i g h t  m e t a l  a n d  
p l a s t i c  s i z e d  t o  f i t  i n s i d e  a  s t a n d a r d  l o c k e r  w h i c h  p r o v i d e s  
t h e  p r i m a r y  s t r u c t u r a l  s t r e n g t h  and  c o n t a i n m e n t .  A i r  i n l e t s  
". 
a n d  o u t l e t s ,  power  c a b l e s ;  a n d  c o n t r o l  p a n e l s  a r e  mounted  i n  
t h e  m o d i f i e d  l o c k e r  a c c ' e s s  d o o r  p r o v i d e d  a s  a n  a l t e r n a t i v e  t o  
t h e  s t a n d a r d  l o c k e r  d o o r  ' ( H i x ,  1984) .  
A i r  f l o w  i s  s e t  t o m o v e  a c r o s s  t h e  p l a n t  f r o m  t h e  S h u t t l e  
e n v i r o n m e n t  a n d  t o  e x i t  a c r o s s  t h e  l a m p s  t o  p r o v i d e  c o o l i n g .  
Growth  m e d i a  a n d  r o o t s  a r e  a e r a t e d  a n d  w a t e r  i s  c o n t r o l l e d  by 
p o s i t i v e  movement  o f  a i r  down t h r o u g h  t h e  g r o w t h  s u b s t r a t e  
a r e a  a i d e d  b y  a  s m a l l  v a c u u m  pump. W a t e r  i s  m e t e r e d  i n t o  t h e  
g r o w t h  s u b s t r a t e  a r e a  u n d e r  c o n t r o l  o f  a  m i c r o p r o c e s s o r  c o n -  
I I (  
t r o l l e d  s y s t e m  t h a t  l i m i t s  o v e r w a t e r i n g  a n d  movement o f  e x c e s s  
f l u i d  
A 
Figure 4. Conf igurat ion  o f  s h u t t l e  middeck l o c k e r  based 
' growth chambers f o r  s a l a d  v e g e t a b l e s .  A - Dwarf f r u i t  bear ing  
p l a n t s .  B - Leaf and roo t  v e g e t a b l e s .  
Working models of  both configurations have been built and 
tested in the 1 -G  configuration with orientation of the 
lights, and other components, 90' to the flight orientation as 
the instruments would be mounted in a Shuttle locker. These 
configurations thus form a baseline and starting point for an 
effort aimed at flight development and testing of small growth 
systems. 
Test Bed Configuration 
Thus far two different plant growth chamber designs have 
flown on Shuttle. These instruments were essentially single 
142 
p u r p o s e ,  b u i l t  t o  t e s t  s p e c i f i c  h y p o t h e s e s  i n  g r a v i t a t i o n a l  
b i o l o g y .  P u b l i s h e d  r e s u l t s  f r o m  t h e s e  e x p e r i m e n t s  show i n  
a g r e e m e n t  w i t h  a  number  o f  r e p o r t s  f r o m  t h e  S o v i e t  e x p e r i -  
m e n t s ,  t h a t  r o o t  g r o w t h  h a d  b e e n  a f f e c t e d  i n  ways  t h a t  were 
v i s i b l e  a t  t h e  m i c r o s c o p i c  l e v e l  ( C o w l e s  -- e t  a l . , 1 9 8 2 ,  1 9 8 4 ;  
K r i k o r i a n  and  O°Connor, 1 9 8 2 ,  1 9 8 4 ;  S l o c u m  -- e t  a l . , 1 9 8 2 ,  
1984) .  T h i s  p r o v i d e s  some c i r c u m s t a n t i a l  e v i d e n c e  t o  s u p p o r t  
t h e  i n t u i t i v e  e x p e c t a t i o n s  -- w h i c h  a r e  b a s e d  o n  a m p l e  e x p e r i -  
m e n t a l  e v i d e n c e  a t  one-G ( G a t e s ,  1 9 7 5 )  -- t h a t  a b s e n c e  o f  
g r a v i t y - d r i v e n  c o n v e c t i o n  w i l l  h a v e  a  c o n s i d e r a b l e  i m p a c t  upon  
t h e  n o r m a l  g a s  a n d  h e a t  e x c h a n g e  phenomena t h a t  a r e  i m p o r t a n t  
t o  p l a n t  f u n c t i o n s .  
W i t h  t h e  e x p e c t a t i o n  t h a t  a  t h o r o u g h  u n d e r s t a n d i n g  o f  a i r  
and  f l u i d  movement phenomena i n  lower-G w i l l  b e  i m p o r t a n t  t o  
e f f e c t i v e  d e s i g n  o f  a d v a n c e d  p l a n t  c u l t u r e  s y s t e m s ,  a n  e f f o r t  
w a s  b e g u n  t o  d e v e l o p  a t e s t  b e d  s y s t e m  i n  w h i c h  s u c h  p h e n o m e n a  
c o u l d  b e  s t u d i e d .  One o f  t h e  i n s t r u m e n t s  r e f e r r e d  t o  a b o v e ,  
t h e  PGU, w h i c h  was u s e d  i n  p l a n t  g r o w t h  e x p e r i m e n t s  o n  t h e  
STS-3 f l i g h t  a n d  was s c h e d u l e d  a g a i n  i n  s l i g h t l y  m o d i f i e d  f o r m  
on SL-2, was e v a l u a t e d  f i r s t  f o r  i t s  p o t e n t i a l  u s e  i n  s u p p o r t -  
i n g  s u c h  e x p e r i m e n t s .  
The PGU was  o r i g i n a l l y  d e s i g n e d  f o r  s i m p l e  c o n t a i n m e n t  o f  
a  l a r g e  number  o f  s m a l l  g r o w i n g  p l a n t s  w i t h  o n l y  a  m i n o r  
amount  o f  m o n i t o r i n g  o r  m a n i p u l a t i o n  d u r i n g  f l i g h f .  The r e -  
q u i r e m e n t s  o f  a n  e n g i n e e r i n g  d a t a  a c q u i s i t i o n  e f f o r t  a r e ,  on  
the other hand, for con'tainmenk.of one to a few highly instru- 
J 
mented plants. The firoblem is 'th'us to replace much of the 
growth space to contain instrumentation for monitoring plant 
response. Figure 5 shows-the original PGU flight package. 
. --  . 
i 
t 
Figure 6 shows an analysis of the availability of space for ~ 
! 
components of the expected experimental systems. The space 
available without major modification is the cavity occupied by 
the six PGCs (plant growth chambers). If only one or two of 
the PGCs are needed for containment of experimental organisms, 
then the remainder of the space is available for mounting of 
monitoring or experiment control instrumentation. There are a 
number of experimental operations involving primarily aspects 
of biochemistry or tropistic behavior which can be accommo- 
dated in the PGU under these conditions. Except for prelimi- 
nary experiments on monitoring, it is of somewhat limited use 
in physical testing, particularly of the sort that employs 
optical measurements. Because it is difficult to modify for 
highly instrumented experiments that would require extensive 
rearrangement of the interior, the needs of a much broader 
range of tests can be better served by a more open structure. 
Other deficiencies of the PGU are in the absence of tempera- 
ture control below ambient and in the control over quality and 
. 
quantity of light. 
The PGU, either in its present or derivative forms, has 
one other major deficiency: it is too complex and expensive 
to build for the number of units which are needed for routine 
experiment development. A basic need of nearly all flight 
1 4 4  
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Figure 5. The Plant G t o w t ~  unit (PGU) of the STS-3 and SL-2 
Lignification Experiments. Dimensions - 56 x 36 x 27 cm and 
. , 
sized to fit a standard middeck locker space. Weight as used 
on STS-3, approximately 24 Kg. Average Power as used on STS- 
. -  . 
3, 52 W at 28 Vdc. Power interface by single power cable to 
an outlet in the ceiling of the shuttle middeck. Source: 
V.S. Clifton, 1982. ~ p a e e l a b  ~ i s s i o n  2 Experiment 
~escri~tions-second Edition. NASA Tw-82477. NASA George C. 
Marshall Spaceflight Center. 
- 1 
e x p e r i m e n t e r s  i s  f o r  a n  e a s i l y  o b t s i n a b l e ,  i n e x p e n s i v e ,  a n d  
w e l l - s t a n d a r d i z e d  e x p e r i m e n t  c o n t a i n e r  w h i c h  c a n  b e  u s e d  i n  
t h e  l a b o r a t o r y  f o r  e x p e r i m e n t  d e v e l o p m e n t  and  t h e n  i n t e g r a t e d  
i n t o  a  f l i g h t  p r o g r a m  w i t h  m i n i m a l  e f f o r t .  
The  d e s i g n  shown  i n  F i g u r e  7 i s  a f i r s t  a t t e m p t  a t  m e e t -  
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F i g u r e  6. Blow-up a n a l y s i s  o f  s p a c e  a v a i l a b l e  f o r  u s e  i n  t h e  
PGU. Drawing i s  n o t  t o  s c a l e .  
i n g  a s e t  o f  r e q u i r e m e n t s  common  t o  b o t h  o u r  own s p e c i f i c  l i n e  
o f  e x p e r i m e n t a t i o n  a n d  t h e  g e n e r a l  r u n  o f  b a s i c  s c i e n c e  f l i g h t  
e x p e r i m e n t a t i o n  w i t h  s m a l l  p l a n t s .  Our  own e x p e r i m e n t s  r e -  
q u i r e  a  f l e x i b l y  o p e n  a p a c e  i n  w h i c h  t o  m o u n t  a  v a r i e t y  o f  
t e s t  f i x t u r e s .  The  s y s t e m  u s e d  i n  d e v e l o p m e n t  a n d  e x e r c i s i n g  
o f  t h e  d e s i g n  i s  a  s y s t e m  f o r  o p t i c a l  m o n i t o r i n g  o f  s m a l l  
p l a n t s ,  p l a n t  s u r r o g a t e s ,  g a s  o r  f l u i d  e x p e r i m e n t s  i n  w h i c h  
d i f f e r e n c e s  i n  d e n s i t y  o c c u r .  T h e  e x p e r i m e n t a l  s u p p o r t  p l a t -  
f o r m  c o n s i s t s  o f  a  m o n o c o q u e  f r a m e  o f  a l u m i n u m  s h e e t  a n d  
h o n e y c o m b  p l a s t i c  b u i l t  t o  t h e  d i m e n s i o n s  o f  a  f u l l  l o c k e r  
t r a y  a n d  t h u s  c a p a b l e  o f  b e i n g  i n s e r t e d  i n t o  a  s t a n d a r d  l o c k -  
e r .  S i d e  m e m b e r s  o f  s h e e t  a l u m i n u m  f o r m e d  i n t o  t u b e s  s e r v e  a s  
a i r  c h a n n e l s  f o r  c o o l i n g  o f  t h e  i n t e r i o r .  I n l e t  a n d  e x h a u s t  
s c r e e n s  a r e  m o u n t e d  i n  t h e  m o d i f i e d  l o c k e r  d o o r .  The  e n d  c a p s  
Figure 7. Plant experiment platform designed to support 
engineering data acquisition on the interaction of plants with 
the zero-g environment- The optical system is based upon a 
design by W. M. Poteet of System Specialists, Tucson, 
Arizona- 
of aluminum covered lexan honeycomb provide additional rigi- 
dity. The side frame and the end caps are mounted with a 
regular array of channels or brackets which serve as attach- 
ment points for a variety of instruments. The version shown 
mounts an optical bench configured for color Schlieren optical 
monitoring of air movements around small plants mounted in a 
small wind tunnel instrumented for control of air velocity, 
- .  
temperature, humidity and atmosph'eric gas composition. The 
optical system was designed by W. M. Poteet of System 
Specialists, Tucson, Arizona. Continued development is aimed 
. . .  L I 
at the incorporation of microprocessor control of experiment 
<. 
functions and data acquisition. 
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